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Oligodendroglial deletion of
ESCRT-I component TSG101
causes spongiform encephalopathy

Will P. Walker*, Abby Oehlert, Aimee L. Edingert, Kay-Uwe Wagner§ and Teresa M. Gunn*!

*McLaughlin Research Institute, Great Falls, MT 59405, USA, tDepartment of Pathology, Institute for Neurodegenerative Diseases, University
of California, San Francisco, CA 94143, USA, £Department of Developmental and Cell Biology, University of California, Irvine, CA 92697,
USA, and §Eppley Institute for Research in Cancer and Allied Diseases, University of Nebraska Medical Center, Omaha, NE 68198, USA

Background Information. Vacuolation of the central nervous system (CNS) is observed in patients with transmissible
spongiform encephalopathy, HIV-related encephalopathy and some inherited diseases, but the underlying cellular
mechanisms remain poorly understood. Mice lacking the mahogunin ring finger-1 (MGRN1) E3 ubiquitin ligase
develop progressive, widespread spongiform degeneration of the CNS. MGRN1 ubiquitinates and regulates tumour
susceptibility gene 101 (TSG101), a central component of the endosomal trafficking machinery. As loss of MGRN1
is predicted to cause partial TSG101 loss-of-function, we hypothesised that CNS vacuolation in Mgrn1 null mice
may be caused by the accumulation of multi-cisternal endosome-like ‘class E’ vacuolar protein sorting (vps)
compartments similar to those observed in Tsg707-depleted cells in culture.

Results. To test this hypothesis, Tsg707 was deleted from mature oligodendroglia in vivo. This resulted in severe
spongiform encephalopathy, histopathologically similar to that observed in Mgrn1 null mutant mice but with a
more rapid onset. Vacuoles in the brains of Tsg707-deleted and Mgrn1 mutant mice labelled with endosomal
markers, consistent with an endosomal origin. Vacuoles in the brains of mice inoculated with Rocky Mountain
Laboratory (RML) prions did not label with these markers, indicating a different origin, consistent with previously
published studies that indicate RML prions have a primary effect on neurons and cause vacuolation in an MGRN1 -
independent manner. Oligodendroglial deletion of Rab7, which mediates late endosome-to-lysosome trafficking
and autophagosome-lysosome fusion, did not cause spongiform change.

Conclusions. Our data suggest that the formation of multi-cisternal ‘class E’ vps endosomal structures in oligo-
dendroglia leads to vacuolation.

Significance. This work provides the first evidence that disrupting multi-vesicular body formation in oligodendroglia
can cause white matter vacuolation and demyelination. HIV is known to hijack the endosomal sorting machinery,
suggesting that HIV infection of the CNS may also act through this pathway to cause encephalopathy.

Introduction

Spongiform encephalopathy is a neurodegenerative
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pathology characterised by large, membrane-bound
vacuolar structures (Masters and Richardson, 1978).
While considered a hallmark of transmissible spongi-
form encephalopathies (TSEs) and inherited prion
diseases, vacuoles are also associated with certain
retroviral infections of the central nervous sys-
tem (CNS) (including HIV), inherited leukodystro-
phies, such as Canavan disease, Leigh syndrome or
Pelizaeus—Merzbacher disease, and sometimes with
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more common forms of neurodegeneration, includ-
ing Alzheimer’s disease (Mancardi et al., 1982;
Smith et al., 1987; Artigas et al., 1989; Martinez
et al., 1995; Brown and Squier, 1996; Budka, 2003;
Gomez-Lucia, 2005; Kumar et al., 2006). The origin
of CNS vacuoles remains unclear, although plasma
membrane abnormalities and excess aberrant multi-
vesicular bodies (MVBs) noted in ultrastructural
studies of TSE suggest that the formation of abnormal
configurations of membrane may be involved (Beck
et al., 1982; Liberski, 2004; Ersdal et al., 2009).
Endo-lysosomal trafficking regulates lysosome
biogenesis and membrane protein signalling and
turnover. Canonical endosomal trafficking of mem-
brane proteins involves endosomal sorting com-
plex required for transport (ESCRT) proteins, which
recognise ubiquitinated membrane proteins on the
surface of endosomes and package them into the
intra-lumenal vesicles of incipient MVBs. Mature
MVBs then traffic to and fuse with lysosomes, re-
leasing their intra-lumenal cargo into the lysosome
for degradation (Henne et al,. 2011; Lee and Gao,
2012). ESCRT proteins are also involved in other
cellular processes, including viral budding, cytoki-
nesis, autophagy and cell death. In humans, muta-
tions in the genes encoding the ESCRT-I component
VPS37A or the ESCRT-III subunit charged multi-
vesicular body protein 2B (CHMP2B) underlie an
autosomal recessive form of complex hereditary spas-
tic paraparesis and a rare familial form of frontotem-
poral dementia linked to chromosome 3 (FTD-3),
respectively (Skibinski et al., 2005; Zivony-Elboum
et al., 2012). The brains of FTD-3 patients showed
loss of cortical neurons, micro-vacuolation of layer
II, gliosis and demyelination with accumulation of
ubiquitinated inclusions and the autophagy marker,
p62, but not of TAR DNA binding protein (also
known as TDP-43) (Holm et al., 2007). Abnormali-
ties in endo-lysosomal trafficking in neurons are gen-
erally associated with neuronal degeneration (Skib-
inski et al., 2005; Parkinson et al., 2006; van der
Zee et al., 2008; Wang et al., 2013) and thus are
associated with many neurodegenerative disorders,
including Alzheimer’s, Huntington’s and Parkin-
son’s diseases and FTD (Shacka et al., 2008; Kuo
et al., 2013). While the consequences of disrupted
endosomal trafficking in oligodendroglia have not
been explored, this pathway has been implicated in
myelin production through the trafficking of myelin

proteins (Trajkovic et al., 2006; Kramer-Albers et al.,
2007; Winterstein et al., 2008; Stendel et al., 2010;
Feldmann et al., 2011; Baron et al., 2015).

A link between disrupted endo-lysosomal traf-
ficking and spongiform neurodegeneration was sug-
gested by the identification of the ESCRT-I protein
TSG101 as a substrate of the mahogunin ring fin-
ger 1 (MGRN1) ubiquitin ligase (Kim et al., 2007;
Jiaoetal., 2009b). Mgm]'”‘z'm/’””/'m (null) mutant mice
develop widespread spongiform encephalopathy, pre-
dominantly affecting white matter-rich brain regions
(He et al., 2003). Vacuoles are first apparent between
6 and 9 months of age and increase in size and num-
ber with age. Abnormal TSG101 ubiquitination and
solubility and impaired ESCRT-dependent traffick-
ing were observed in the brains of Mgrz1 null mutant
mice well before the appearance of histologically de-
tectable vacuoles (Jiao et al., 2009b), suggesting that
TSG101 dysfunction could be the proximal cause
of vacuolation. Depletion of TSG101 from yeast or
mammalian cells leads to the development of ‘class E’
vacuolar protein sorting (vps) compartments, which
are thought to derive from the accumulation of endo-
somal membranes when normal ESCRT-dependent
cargo sorting and endosomal maturation are blocked
(Doyotte et al., 2005; Razi and Futter, 2006). Like
spongiform vacuoles, these are large, abnormal, pro-
gressively accumulating intra-cellular membranous
structures, which led us to hypothesise that spongi-
form vacuoles may be a neurohistopathological mani-
festation of ‘class E’ yps compartments. To test this, we
examined whether loss of TSG101 was sufficient to
cause CNS vacuolation. Because conventional Tsg101
knockout mice are embryonic lethal (Wagner et al.,
2003), we used tamoxifen-induced conditional mu-
tagenesis to delete Tsg101 from oligodendroglia. Our
results show that this caused spongiform neurode-
generation similar to that observed in Mgrnl null
mutant mice, but with a more rapid onset. Vac-
uoles in the brains of Tsg101-deleted and Mgrnl null
mutant mice labelled for endosomal markers, while
those caused by intra-cerebral inoculation of Rocky
Mountain Laboratory (RML) prions did not, consis-
tent with our previous work indicating that vacuola-
tion caused by RML prions is MGRN1-independent
Silvius et al., 2013. Oligodendroglial deletion of the
gene encoding the small GTPase RAS-related GTP-
binding protein 7 (RAB7), which mediates late en-
dosomal trafficking and fusion with autophagosomes,
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did not cause spongiform change. These results im-
plicate defective MVB formation in the biogenesis of
CNS vacuoles.

Results

Deleting Tsg101 from oligodendroglia causes
severe white matter vacuolation

As vacuolation appears first and is most severe in
myelin-rich regions of Mgrnl null mutant brains (i.e.
thalamus, cerebellar white matter and brainstem)
(He et al., 2003; Jiao et al., 2009a), T5g101 condi-
tional knockout mice were mated to Plpl-cre/ERT
transgenic  mice, which express
inducible cre recombinase in oligodendroglia
(Doerflinger et al., 2003). Animals were given
tamoxifen at 3-4 wk of age. Cre activity in the
CNS was assessed at 2 wk post-tamoxifen treatment
using the ROSA26 reporter line. Strong X-gal
staining was observed in the brainstem (including
the pons), cerebellar white matter, corpus collosum
and white matter tracts in the thalamus, consistent
with previous reports of oligodendroglial-specific
expression in the CNS (Doerflinger et al., 2003 and
http://cre.jax.org/PlplERT/PIpl1 ERT.html; data not
shown). Deletion of T5gl01 was verified by PCR
on DNA isolated from dissected regions of the
CNS of tamoxifen-treated Tigl017#;Plp1-cre/ ERT+
mice (Figure 1A-B). Some background recombinase
activity was detected in the thalamus, hindbrain and
spinal cord of Tigl 01"; Plp1-cre/ ERT+ mice treated
with vehicle alone (Figure 1B). The Plpl-creERT
transgene was recently reported to drive a similar,
modest level of gene recombination in the absence of
tamoxifen treatment in another study as well (Traka
et al., 2016). TSG101 protein levels in the brains
of tamoxifen-treated Tsgl01"; Plpl-cre/ ERT+ were
significantly reduced, being 61% of tamoxifen-
treated Tsgl01"%; Plp1-cre/ ERT- controls (P = 0.02;
Figure 1C).

Within 2 wk of tamoxifen treatment, all ﬂgZOZﬂ/ﬂ;
Plpl-cre/ERT+ mice (n>25) exhibited weakness,
kyphotic posture, action tremor and ataxic gait.
Histopathological evaluation of their brains 2 wk
after tamoxifen treatment revealed extensive vac-
uolation in white matter of the pons, cerebellum
and thalamus (Figures 1D-1G). Mild, progressive
vacuolation was observed in all uninjected (#>15)
and control injected (sunflower oil, z>12) ﬁgZOZﬂ/ﬂ;

tamoxifen-
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Plpl-cre/ERT+ mice (Figure 2A), most likely due
to the background activity that we observed for
the Plpl-cre/ERT transgene (Figure 1B). These un-
treated Tigl01""; Plp1-cre/ ERT+ mice also devel-
oped a tremor and had significantly reduced body
weight by 8 wk of age (Figure 2B). No CNS vacuo-
lation or tremor was observed in Tigl 01# mice that
did not carry the cre transgene or in any Tsgl 017+
animals. Vacuolation in the brains of tamoxifen-
treated Tigl01"; PlpI-cre/ ERT+ mice was associ-
ated with severe gliosis, as indicated by GFAP im-
munoreactivity (Figure 3A). Inclusions of ubiqui-
tinated proteins accumulated in the cytoplasm of
oligodendrocytes in affected brain regions, as well
as on the limiting membranes of spongiform vac-
uoles (Figures 3B and 4A—4B). In vacuolated brain
regions, cells staining positive for the oligodendro-
cyte markers CC-1 and sex determining region Y-box
10 (SOX10) showed increased immunoreactivity for
the autophagy marker, p62, but vacuoles themselves
only occasionally showed small punctae of p62 stain-
ing on their limiting membranes (Figures 3C and
4C-4D). Vacuoles do not appear to be caused by cell
death since they were observed in the absence of ac-
tivated caspase-3 (CC3) in the thalamus (Figure 3D),
and the most heavily vacuolated regions of the pons
and cerebellum showed CC3 staining in association
with both vacuoles and unvacuolated cells (Figures
3D and 4E-4F).

Vacuolation was most severe in MBP-rich white
matter tracts (Figures 41-4K). Vacuoles were often
observed within cells expressing SOX10 (Figures 4A,
4C and 4E), consistent with their having a cell au-
tonomous origin. The response of oligodendrocytes
to loss of T5gI01 varied, even within a brain re-
gion, as some SOX10-positive cells were associated
with vacuoles and/or immunoreactivity for ubiqui-
tin, p62 or CC3, while others appeared histologically
normal (Figures 4A—4F). CC3 accumulation was not
observed in neurons or astrocytes (Figures 4G—4H),
indicating that disrupted endosomal trafficking in
oligodendroglia causes cell autonomous defects and
does not cause apoptosis of neighbouring cells. Loss of
Tsg101 appeared to have a progressive effect on oligo-
dendroglial function, as assessed by Luxol fast blue
staining of myelin lipoproteins. While similar levels
of staining were observed in Tsgl017#; Plp1-cre/ERT
and Tigl01"*; Plpl-cre/ERT brains 2 wk after ta-
moxifen treatment, reduced staining was observed in
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Figure 1| Oligodendroglial deletion of Tsg7101causes spongiform encephalopathy

(A) Schematic of Tsg101 floxed and null alleles showing locations of genotyping primers. Primers floxedF and floxedR amplify a
segment of the PGK-neo cassette, present only in the floxed allele, while nullF and nullR amplify across the loxP site (triangle)
remaining when the PGK-neo cassette and exon1 are deleted by cre-mediated recombination. Although the null primers are
present in the floxed allele, they are too far apart to generate a product using standard PCR conditions. (B) Tsg7017 deletion by
Plp1-cre/ERT was detected using allele-specific PCR to amplify the Tsg701” allele (top panels) or the Tsg707™" allele (bottom
panels) from DNA isolated from dissected tissues of Plp1-cre/ERT transgenic and non-transgenic Tsg707™+ animals 2 wk after
administration of tamoxifen or vehicle control. Results shown are representative of four independent samples. Observation of the
null allele in some vehicle only samples is consistent with a low level of background (uninduced) cre activity. (C) Western blots
of three independent Tsg707""; PIp1-cre/ERT brain lysates show 39% reduction in TSG101 protein levels in cre(+) brain tissues
2 wk after the initiation of tamoxifen treatment. Blots were quantified using ImagedJ, with TSG101 levels normalised against
GAPDH. (D-E) Images from C57BL/6J coronal mouse brain atlas (www.mbl.org/atlas170/atlas170_frame.html) with labelled
boxes indicating approximate location within the thalamus, cerebellum and pons represented in F and G. (F) Low-magnification
views of hematoxylin and eosin (H&E)-stained sections of thalamus (top), pons (middle) and cerebellum (bottom) of tamoxifen-
treated control (Tsg101™""; Plp1-cre/ERT- and Tsg101"+; Plp1-cre/ERT+) and Tsg101-ablated (Tsg7101""; Pip1-cre/ERT+) mice
2 wk after the initiation of tamoxifen treatment. All panels in F are shown at the same magnification. Scale bar: 500 um. (G)
High-magnification views of thalamus, pons and cerebellum from tamoxifen-treated control and Tsg707-ablated mice 2 wk after
the initiation of tamoxifen treatment. All panels in G are shown at same magnification. Scale bar: 50 um.
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Figure 2 | Phenotypes associated with uninduced deletion of Tsg7107 from oligodendroglia

(A) Low background levels of cre expression in Tsg101""; Plp1-cre/ERT+ mice not given tamoxifen result in progressive
spongiform change, apparent by 6 wk of age. Scale bars: 10 pm. (B) Tsg701"7: Plp1-cre/ERT+ mice not given tamoxifen also
show a significant reduction in body weight relative to all control genotypes, starting by 8 wk of age and persisting to at least 12

months of age.
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Tigl101"%; Plp1-cre/ERT brains 1 wk later (Figure 4K),
indicating that loss of TSG101 disrupts myelin
homeostasis.

Vacuoles caused by loss of Tsg707 or Mgrn1 label
for endosomal markers

In mammalian cells in culture, siRNA depletion of
endogenous TSG101 inhibits MVB formation and
leads to the accumulation of multi-cisternal tubular
structures that label for the early endosome marker,
EEAT1 (Razi and Futter, 2006). Recycling to the cell
surface is also reduced, with MVB-dependent path-
ways most affected (Doyotte et al., 2005). To test
the hypothesis that vacuoles are an oligodendroglial
manifestation of ‘class E’ #ps compartments, IHC
was performed for the following endosomal mark-
ers: EEA1 and RABS (early endosomes), RAB7 (late

www.biolcell.net | Volume (108) | Pages 324-337

endosomes/lysosomes) and RAB11 (recycling endo-
somes). The limiting membrane of over 50% of
thalamic vacuoles in TsglO01"#;:Plp1-cre/ERT brains
labelled for EEA1, RAB7 and RABI11, while a
smaller proportion labelled for RABS (Figure 5).
Labelling was also observed on the ‘membranous
structures’ often observed within vacuoles. No vac-
uolar labelling was seen with secondary antibody
alone or with isotype-matched antibodies against
non-endosomal proteins (data not shown). The neuro-
histopathology associated with deleting T5¢101 from
oligodendroglia was very similar to that observed in
Mgrnl null mutants, including the anatomical distri-
bution of vacuoles. In both cases, spongiform change
occurred first and was most severe in the brainstem,
cerebellum and thalamus, and a similar proportion
of thalamic vacuoles showed positive staining for
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Figure 3 | Immunohistochemical phenotypes observed 2 wk after oligodendroglial deletion of Tsg1071

(A) Vacuolation in the brains of Tsg7107-ablated (Tsg101"; Pip1-cre/ERT+) mice is associated with astrogliosis, as indicated
by immunoreactivity for GFAP (brown staining). Scale bars: 20 um. (B) The FK2 antibody, which detects ubiquitinated proteins,
reveals ubiquitinated protein inclusions (brown staining) in the thalamus, cerebellum and pons of Tsg707-ablated mice, but not
in controls (Tsg701"7; Plp1-cre/ERT- or Tsg101%+; Plp1-cre/ERT+). Boxed regions in centre panels are shown below at higher
magnification. Arrowheads indicate some of the inclusions. Scale bars: 25 um. (C) Cells with elevated levels of the autophagy
marker, p62 (brown staining in left and middle panel), are observed adjacent to vacuoles in the thalamus of Tsg707-ablated
animals but not in control brains. Right panel: dual staining for p62 (green) with the oligodendrocyte marker, CC-1 (red), indicates
that these p62-positive cells are oligodendrocytes. (D) Cells with strong cytoplasmic labelling for cleaved caspase-3, which
marks apoptotic cells, are prominent in the cerebellum and pons of Tsg707-ablated animals but not in control brains. The
thalamus of Tsg7107-ablated mice did not show elevated cleaved caspase-3 staining. Boxed regions in centre panels are shown
below at higher magnification, with arrowheads indicating cells with strong CC3 signal. Scale bars: 25 pm.

Cerebellum Pons Tsg107-ablated

A

Control

ng11 -ablald

GFAP
Control

Tsg101-ablated

Cleaved caspase 3
Tsg101-ablated

Tsg101-ablated

Ubiquitinated proteins
01-ablated

Tsg101-ablated Tsg?1

EEA1, RABS, RABI11 and RAB7 (Figure 5). One
difference between vacuoles in Tsgl01-ablated and
Mgrnl null mutant brains was that the latter were not
associated with ubiquitinated protein inclusions or
obvious accumulation of p62 (data not shown), sug-
gesting that those phenotypes may require MGRN1-
mediated ubiquitination.

Vacuoles caused by RML prions do not label for
endosomal markers

To test whether disrupted endosomal trafficking
might be a shared pathogenic mechanism underlying

spongiform neurodegeneration associated with other
diseases, we tested whether vacuoles in the brains
of sick FVB mice inoculated with RML prions la-
bel for endosomal markers. Moderate vacuolation
was readily apparent in the thalamus and other
brain regions of these mice, but IHC for EEAI,
RAB7 and RABI11 revealed no labelling of vacuoles
(Figure 5). This suggests that vacuoles associated with
RML infection likely arise through a TSG101- and
MGRN1-independent mechanism that does not in-
volve the accumulation of endosomal compartments.
These data also demonstrate that endosomal labelling
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Figure 4| Thalamic vacuoles caused by oligodendroglial deletion of Tsg101 are cell autonomous and associated with
progressive demyelination

(A-F) Ubiquitinated proteins (brown staining in A, B), the autophagy adapter p62 (brown staining in C, D) and the apoptosis
marker cleaved caspase-3 (CC3, brown staining in E, F) accumulate within SOX10-positive oligodendrocytes (blue staining) in
the brains of Tsg707-ablated mice, although not all oligodendrocytes are affected. Scale bars: 20 um. (G-H) Oligodendroglial
deletion of Tsg707 does not cause apoptosis (as judged by CC3 staining, in green) in neurons (marked by NeuN, red) or
astrocytes (marked by GFAP, red). Nuclei are stained blue. Scale bars: 10 um. (I-K) Vacuoles in the cerebellum (l), pons (J) and
thalamus (K) of Tsg707-ablated mice (Tsg707""; Plo1-cre/ERT+) are predominantly located within white matter tracts (indicated
by MBP immunoreactivity, blue staining). Scale bars: 250 pm. (L) Luxol fast blue staining of myelin proteins was performed on
brain sections from tamoxifen-treated Tsg707-ablated (Tsg101™"; Pip1-cre/ERT+) and control (Tsg101%+; Plp1-cre/ERT+) mice.
Similar levels of staining were observed 14 days after initiation of tamoxifen treatment (top panels), but staining was greatly
reduced in Tsg707-ablated mice relative to controls by 22 days post-treatment (bottom panels).
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of vacuoles in the brains of T5g101-ablated and Mgrn1
null mice is not an artefact associated with the pres-
ence of vacuoles.

Oligodendroglial deletion of Rab7 does not cause
spongiform change

TSG101 is required for the sorting of ubiquitinated
receptors into MVBs, which results in downregula-
tion of signalling proteins. MVBs can subsequently
traffic their contents to lysosomes, autophagosomes,

the recycling pathway or the plasma membrane. To
test whether disrupting lysosomal or autophagoso-
mal trafficking in oligodendroglia downstream of
TSG101 causes vacuolation, we ablated the gene
encoding the small GTPase RAB7, which medi-
ates late endosomal trafficking and autophagosome—
lysosome fusion. Razb7 conditional knockout mice
were mated to Plpl-cre/ERT transgenic mice and
treated with tamoxifen or oil at 2-4 months
of age. Rab7 deletion was verified by PCR on
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Oligodendroglial deletion of Tsg7071 causes CNS vacuolation

Figure 5 | Endosomal markers accumulate on vacuoles caused by oligodendroglial deletion of Tsg1071 or the absence of

Mgrn1 but not by RML prions

(A-D) IHC for the early endosome makers EEA1 (A) and RABS (B), late endosome marker RAB7 (C) and recycling endosome
marker RAB11 (D) reveals increased expression in association with vacuoles (arrowheads) in the thalamus of Tsg707-ablated
(tamoxifen-treated Tsg701™"7; Plp1-cre/ERT+) and Mgrn1 null mutant mice but not in RML inoculated mice. ND: no data. Images
in A and D are overexposed to facilitate visualisation of vacuoles. Scale bars: 25 um.

Control Tsg101-ablated

A

Mgrn1 null RML-inoculated

DNA isolated from the cerebellum of tamoxifen-
treated Rab7"";Plp1-cre/ERT+ and control mice (Fig-
ure GA). Histological examination of brains from
Rab7™";Plp1-cr/ERT+ and control mice 2 wk and
6 and 12 months after tamoxifen or oil injections re-
vealed no significant vacuolation or other histopatho-
logical abnormalities (Figure 6B—6D and data not
shown), nor did the animals show any overt signs of
neurological dysfunction.

Discussion

Loss of T5g101 from oligodendroglia caused spongi-
form vacuolation and demyelination, associated with
gliosis and accumulation of ubiquitinated proteins,

p62 and endosomal markers including EEA1, RABS,
RAB11 and RAB7. Caspase-mediated apoptosis was
triggered in many cells lacking TSG101, with some
subpopulations of oligodendroglia appearing to re-
spond more rapidly than others. The brains of FTD-3
patients with mutations in CHMP2B show many
similar changes, including demyelination, gliosis and
accumulation of ubiquitinated inclusions and p62,
suggesting that loss of ESCRT-I function has sim-
ilar effects to loss of ESCRT-III. It has been sug-
gested that mutations in CHMP2B cause FTD-3
because they disrupt late endosome-lysosome fusion
and autophagy (Lee and Gao, 2009; Urwin et al.,
2010; Clayton et al., 2015; Krasniak and Ahmad,
2016), but our study shows that loss of RAB7,
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Figure 6 | Oligodendroglial deletion of Rab7

(A) Rab7 deletion by Plp1-cre/ERT was confirmed using PCR to detect the cre transgene (top panel) and the Rab7 wildtype,
floxed and null alleles (bottom panels) from DNA isolated from cerebella dissected from wildtype mice, Plp1-cre/ERT transgenic
(cre+) Rab7"+ and Rab7"" mice, and non-transgenic (cre-) Rab7™" animals 6 months after administration of tamoxifen. Rab7
wt/floxed PCR detects the wildtype (smaller band) and floxed (larger band) alleles. Consistent with Rab7 being deleted in
oligodendrocytes upon tamoxifen treatment, only the floxed and null alleles are detected in Rab7™"; Plp1-cre/ERT+ cerebella,
while all three alleles (wildtype, floxed and null) are all detected in Rab7"+; Plp1-cre/ERT+ cerebella. (B-D) H&E-stained sections
of thalamus (A), pons (B) and cerebellum (C) of Rab7"; Plp1-cre/ERT+ mice 12 months after tamoxifen treatment. Images in

the two left columns of Figure 1E can be compared as controls. Scale bars: 50 pm.
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null

which mediates late endosome-to-lysosome traffick-
ing and autophagosome—lysosome fusion events, does
not cause vacuolation.

Why does deleting TSG101 from oligodendroglia
cause vacuolation, while loss of RAB7 does not? A
clue may come from the effect that knocking each
gene down in cultured mammalian cells has on en-
dosomal compartments. Depletion of Rzb7 led to the
accumulation of enlarged MVBs/late endosomes and
a reduction in the size and number of lysosomes, but
multi-cisternal endosomes were not observed (Van-
landingham and Ceresa, 2009). Depletion of Tsgl101,
on the other hand, led to the accumulation of multi-
cisternal, EEA1l-positive tubular structures as well
as enlarged vacuolar compartments similar in ap-
pearance to MVBs (Doyotte et al., 2005; Razi and
Futter, 2006). The labelling of spongiform vacuoles
in T5gl01-deleted and Mgrnl null brains with anti-
bodies against endosomal proteins strongly suggests
that they arise due to a block in ESCRT-mediated
MVB formation, but vacuoles do not appear to sim-
ply represent the accumulation of ‘any’ endosomal
compartment since deletion of Razb7 did not cause
spongiform change. We propose that vacuoles are a
histopathological manifestation of the multi-
cisternal ‘class E’ ¢ps compartments that accumulate

www.biolcell.net | Volume (108) | Pages 324-337

when the formation of intra-luminal vesicles at the
MVB is disrupted. Consistent with this hypothesis,
depleting mammalian cells of the ESCRT-0 protein
hepatocyte growth factor (HGF)-regulated tyrosine
kinase substrate (HGS, also known as hepatocyte
growth factor receptor substrate, HRS) did not induce
tubular or multi-cisternal early endosomal structures
(Razi and Futter, 2006), and mice homozygous for a
Hgs loss-of-function allele do not develop spongiform
neurodegeneration (Watson et al., 2015).

Deleting Tsg101 from oligodendroglia appears to
affect multiple pathways within the endosomal sys-
tem, based on the accumulation of early, recycling
and late endosomal markers on vacuoles. Oligoden-
drocytes may be especially vulnerable to disrupted
membrane trafficking because they generate and traf-
fic large amounts of intra-cellular membrane for
myelin production. The progressive demyelination
associated with oligodendroglial deletion of Tigl01
might be a result of sequestration of membrane com-
ponents on accumulating endosomal compartments,
combined with disrupted trafficking of myelin
components such as proteolipid protein, myelin-
associated glycoprotein and myelin oligodendrocyte
protein. These proteins normally traffic through the
endosomal system to the plasma membrane and are
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released viz either exosomes or recycling endosomes
(Simons et al., 2002; Trajkovic et al., 2006; Winter-
stein et al., 2008; Chen et al., 2012).

Our results indicate that TsgI0I dysfunction in
oligodendroglia is sufficient to cause spongiform en-
cephalopathy similar to that seen in Mgrnl mutant
mice, TSEs, HIV-encephalopathy and mitochondrial
encephalopathies. Taken together with recent evi-
dence for the regulation of TSG101 by MGRNI,
this suggests that impaired TSG101 function in
oligodendroglia may be the proximal cause of vac-
uolation in Mgrnl mutants. The later onset of vac-
uolation in Mgrnl mutants (6-9 months of age)
may reflect the fact that loss of MGRNI1 causes
only a partial loss of TSG101 function (Jiao et al.,
2009b). The failure to observe ubiquitinated pro-
tein inclusions or accumulation of cleaved caspase-3
in Mgrnl null brains was not surprising as we pre-
viously demonstrated mitochondrial dysfunction and
significantly reduced ATP levels in the brains of these
animals (Sun et al., 2007). ATP-dependent processes
such as ubiquitination and apoptosis would there-
fore be impaired in the brains of Mgrzl null mu-
tant mice. As the effect of loss of MGRNT1 on mi-
tochondrial function and ATP levels is most likely
TSG101-independent, ubiquitination and apopto-
sis would not be affected when Tsgl01 is ablated.
This suggests that vacuolation is not caused by
the accumulation of ubiquitinated protein inclu-
sions or induction of apoptosis, but that these are
secondary effects in the brains of Tsgl01-deleted
mice.

Endo-lysosomal trafficking, exosomal secretion and
autophagy have been implicated in prion propagation
and degradation (Fevrier et al., 2004; Heiseke et al.,
2010; Arellano-Anaya et al., 2015), and elevated lev-
els of RABS and lysosomal markers cathepsin-B and
-D, as well as ubiquitin and p62-positive inclusions,
have been noted in neurons in human sporadic and
inherited Creutzfeldt—Jakob disease brains (Kovacs
et al., 2007; Kovacs et al., 2012). Our examination
of vacuolated brain regions in sick mice following in-
oculation with RML prions did not detect labelling
of vacuoles with endosomal markers, but this is per-
haps not surprising as the expression pattern of the
prion protein and predominance of vacuoles in gray
matter in TSE suggest that vacuoles associated with
prion diseases have a neuronal origin. Different cel-
lular origins of vacuoles in Mgrnl null mutant mice

and TSE are consistent with our previous work, which
demonstrated that spongiform change and other phe-
notypes associated with RML prion inoculation were
independent of MGRN1 (Silvius et al., 2013). These
observations suggest that not all CNS vacuoles share
a common cellular origin, although disrupted endo-
lysosomal trafficking may be a shared pathway in
oligodendrocytes and neurons since mice with muta-
tions that disrupt phosphoinositide-mediated control
of endosomal sorting and homeostasis in neurons (i.e.
Fig 4" Vac14™8" and PikfyveC"AT0920Wity develop
spongiform neurodegeneration (Chow et al., 2007,
Zhang et al., 2007; Jin et al., 2008; Zolov et al.,
2012).

It is intriguing that HIV infection can lead to CNS
vacuolation (HIV-related encephalopathy [HIVE}),
since HIV-1 GAG has been shown to bind TSG101
and recruit it and the ESCRT machinery to the
plasma membrane for viral budding (Mazze and De-
greve, 2006; Bleck et al., 2014). This is expected to
cause a functional depletion of TSG101 in the en-
dosomal sorting pathway and, in fact, expression of
HIV-1 GAG in HEK293T cells disrupted epider-
mal growth factor receptor (EGFR) downregulation
and signalling in a manner similar to that observed
when TSG101 was depleted by siRNA knockdown
(Valiathan and Resh, 2004). Furthermore, transgenic
expression of the HIV-1 genome under control of
the oligodendrocyte-specific MBP promoter was suf-
ficient to cause progressive vacuolar myelopathy in
mice (Goudreau et al., 1996). Together, these obser-
vations suggest that disrupted endosomal trafficking
in oligodendroglia should be investigated as a possi-
ble pathogenic mechanism — and potential therapeu-
tic target — of spongiform encephalopathy in HIVE.

Materials and methods

Mice

Animals were housed under standard conditions in the An-
imal Resource Center at the McLaughlin Research Institute.
Tigl0 1" -Kme (TJgJOZﬂ) conditional knockout mice, which were
created and are maintained on a 129/Sv] genetic background,
have been described previously (Wagner et al., 2003). As this
allele has loxP sites 3 kb upstream and 230 bp downstream
of the first coding exon of Tigl01, cre recombinase excises
the proximal promoter region and first exon of TsgI0I, re-
sulting in a null allele. Generation of B6.129(Cg)-Rab7"-14%
(Rab7") conditional knockout mice was described previously
(Roy et al., 2013). Y}gJOZﬂ/ﬂ and Rab7"" mice were crossed
to the tamoxifen-inducible cre transgenic line B6.Cg-Tg(Plpl-
cre/ERT)3Pop/J (referred to as Plpl-cre/ERT), which expresses
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cre/ERT in oligodendroglia (Doerflinger et al., 2003), and
were obtained from the Jackson Laboratory (stock #005975).
Cre-positive F1’s were backcrossed to Tigl01"* or Rab7"’
animals to produce fI/fl and fl/4+mice segregating for the
Plpl-cre/ERT transgene. B6;12984 Gt(ROSA)26Sor™ !5 /] is a
B-galactosidase reporter strain (ROSA20), initially described by
Soriano (1999). They were originally obtained from the Jack-
son Laboratory (#003309) and maintained in-house. Paraffin
sections of brains from clinically scrapie-ill FVB mice inocu-
lated intra-cerebrally at approximately 60 days of age with RML
prions (10% brain homogenate from clinically scrapie-ill RML-
infected CD-1 mice) were generated from formalin-fixed sam-
ples archived from a previous study performed in the laboratory
of Dr. Stephen DeArmond at the University of California, San
Francisco (UCSF). All animal procedures adhered to Association
for Assessment and Accreditation of Laboratory Animal Care
guidelines and were approved by the Institutional Animal Care
and Use Committees of the McLaughlin Research Institute and
UCSE.

Genotyping

Animals were genotyped using PCR. TiglOI genotyping
primers were: T5g101*": GTTCGCTGAAGTAGAGCAGCCAG
and CATTTCTGGAGTCCGATGCGCAG; Tigl01": AGAG-
GCTATTCGGCTATGACTG and TTCGTCCAGATCATC-
CTGATC; Tigl01"™": GATGGTCATACCTGGTTAGAAAGC
and CATTTCTGGAGTCCGATGCGCAG. Rab7 genotyp-
ing primers were CTCACTCACTCCTAAATGG and TTAG-
GCTGTATGTATGTGC for the wildtype and floxed alleles
and GGGCTGCAGGAATTCGGATAAC and CATGGTAA-
CAAGTCTGTCGTCC for the null allele (Roy et al., 2013).
Plpl-cre/ERT transgene genotyping primers were TGCT-
GTTTCACTGGTTATGCGG and TTGCCCCTGTTTCAC-
TATCCAG. The ROSA26 reporter transgene was detected using
the common forward primer AAAGTCGCTCTGAGTTGTTAT
and reverse primers GGAGCGGGAGAAATGGATATG (wt)
and GCGAAGAGTTTGTCCTCAACC (ROSA+).

Activation and verification of cre recombinase activity
Tsgl01 or Rab7 ablation was induced by twice-daily intra-
peritoneal injection of 0.025 mg tamoxifen (Sigma) per kg of
body weight for 3 consecutive days. To minimise confounding
effects of uninduced activity of the Plpl-cre/ERT recombinase
in the Tsgl01 cross, animals were given tamoxifen at 3—4 wk of
age. For the Rab7 cross, animals were treated at 2—4 months of
age. Tamoxifen was dissolved to 5 pg/ml in a 1:9 mixture of ab-
solute ethanol and pharmacological grade sunflower oil (Sigma).
Control animals received injections of the 1:9 ethanol/oil vehicle
mixture without tamoxifen. As Tsg101 deletion caused weight
loss, loss of =20% of initial body weight was used as an end-
point criterion.

The expression pattern of the Plpl-cre/ERT transgene
in the CNS was verified using ROSA26 reporter mice to
examine tamoxifen-induced cre-mediated activation of the
B-galactosidase reporter gene. Coronal brain slices were incu-
bated for up to 8 h in X-gal staining solution (5 mM EGTA,
2 mM MgCl,, 0.01% sodium deoxycholate, 10 mM potas-
sium ferricyanide, 10 mM potassium ferrocyanide, 0.02% Tri-
ton X-100 and 0.5 mg/ml 5-bromo-4-chloro-3-indolyl-b-D-
galactopyranoside [X-gall in 1x PBS) as described (Erdmann
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et al., 2007). Cre recombinase-mediated deletion of the floxed
Tsgl01 or Rab7 sequence was verified by PCR using the geno-
typing primers described above and a template of 10 ng genomic
DNA isolated from dissected brain regions and sciatic nerve of
vehicle- and tamoxifen-injected animals (2 wk post-treatment),
as well as from brains of Plp1-cre/ERT negative animals as a fur-
ther negative control. Reduction of TSG101 protein levels was
confirmed by immunoblotting brain lysates isolated 2 wk after
tamoxifen treatment, using rabbit anti-TSG101 (ProteinTech
Group 14497-1-AP) and mouse anti-GAPDH (Abcam ab9482)
as a loading control. Lysates were prepared by homogenising
brains in solubilisation buffer (50 mM Tris-HCI pH 8.0, 1 mM
EDTA and 1% Igepal CA-630) containing Complete protease
inhibitor cocktail (Roche). Blots were imaged using ECL Plus
chemiluminescent substrate (Pierce) and quantified using Im-
ageJ. Briefly, after selecting each band, intensity histograms
were generated and their areas were measured. For each sam-
ple, TSG101 band intensity was normalised against GAPDH
intensity prior to statistical analysis.

Histology

Brains were fixed in formalin, processed for histology by stan-
dard methods and embedded in paraffin. Experimental and
control brains were processed in each batch, with care taken
to avoid long exposure to 70% ethanol as this is known to
cause artefactual vacuolation in rodent nervous tissue (Wells
and Wells, 1989). Paraffin-embedded brains were sectioned
at 5 or 8 um and stained with hematoxylin and eosin or
subjected to immunohistochemistry (IHC). The brains of at
least five animals were examined for each genotype/treatment
combination, except prion inoculated mice (» = 2-4). Un-
less stated otherwise, data are shown for Tigl01""; Plpi-
cre/ERT brains collected 2 wk after tamoxifen treatment.
THC was performed on paraffin sections pre-treated for anti-
gen retrieval using 10 mM sodium citrate (pH 6.0, 100°C,
10 min). Primary antibodies used were: rabbit anti-cleaved
caspase-3 (Trevigen 2305-PC), rabbit anti-GFAP (Protein-
Tech Group 16825-1-AP), rat anti-GFAP (Invitrogen 130300),
mouse anti-APC (Ab-7, clone CC-1, Calbiochem OPS80), mouse
anti-ubiquitin (Enzo Life Sciences BML-PW8810), rabbit anti-
RABS (LifeSpan Biosciences LS-C138527), guinea pig anti-p62
(American Research Products 03-GP62-C), mouse anti-myelin
basic protein (MBP) (Covance SM199), goat anti-SOX10 (Santa
Cruz sc-17342X), mouse anti-RAB11 (Transduction Laborato-
ries R56320), mouse anti-EEA1 (Abcam ab15846), rabbit anti-
RAB7 (Sigma R4779), mouse anti-RAB7 (Abcam 58029) and
mouse anti-NeulN (clone:A60, MilliPore MAB377). Immuno-
labelling was detected using fluorescent secondary antibodies
(Vector Labs) or horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies or HRP-conjugated avidin and biotinylated
secondary antibodies of the appropriate isotype (Vector Labs) and
the substrates diaminobenzidine (Trevigen), Vector Blue (Vector
Labs) and/or NovaRed (Vector Labs). Most sections processed us-
ing enzymatic methods were counterstained with hematoxylin.
Luxol fast blue staining was performed following standard pro-
tocols. For all studies, experimental and control samples were
processed together to eliminate inter-experimental variability.
Stained sections were imaged on an AxiolmagerM1 microscope
(Zeiss) using an A623C colour camera (Pixielink). Fluorescently
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stained sections were imaged on a Fluoview 1000 confocal mi-
croscope (Olympus).

Statistics

Body weight and TSG101 immunoblot band intensity data were
assessed for statistically significant differences using Student’s 7-
test.
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